The ab initio quasirelativistic Hartree-Fock method developed specifically for the calculation of spectroscopic parameters of heavy atoms and highly charged ions was used to derive spectral data for the multicharged tungsten ion W 35+ . The configuration interaction method was applied to include the electron-correlation effects. The relativistic effects were taken into account in the Breit-Pauli approximation for quasirelativistic Hartree-Fock radial orbitals. The energy level spectra, radiative lifetimes τ, Lande g-factors are calculated for the 4p 6 4d 3 , 4p 6 4d 2 4f and 4p 5 4d 4 configurations of the W 35+ ion.
Introduction
In the present work we continue our theoretical studies [1] [2] [3] [4] [5] [6] of multicharged tungsten ions. The spectroscopic parameters of systems with the open 4d-shell are investigated. Extensive interest in highly-charged tungsten ions [7] [8] [9] [10] [11] [12] is caused by its unique physical properties. Metallic tungsten is widely exploited in high-temperature devices, including fusion reactors [13, 14] .
Although tungsten is difficult to melt and vaporize, its highly-charged ions emerge in fusion plasma and decrease its temperature.
Therefore one needs to control the concentration of these ions by monitoring their spectra. Unfortunately, the experimental data for the multicharged tungsten ions are very sparse. This fact is very evident from the recent compilation [15] of the experimental and semi-empirical data for the tungsten ions. It is absolutely clear from that review that the tungsten ions from the rubidiumlike to the palladium-like systems, which have an open 4d-shell, are investigated very seldom. For the most ions, only a few levels from the ground 4p 6 4d N configuration are determined. Moreover, very few energy levels of the first excited 4p 5 4d N+1 and 4p 5 4d N−1 4f configurations are determined for some tungsten ions. This situation has encouraged us to perform the theoretical investigation of the spectroscopic parameters for these ions. The calculated data can substantially facilitate experimental studies of the corresponding spectra; on the other hand, these data can be adopted directly for plasma spectra modelling.
The W 35+ ion energy spectrum of the 4p 6 4d 3 , 4p 6 4d 2 4f and 4p 5 4d 4 configurations consists of significantly larger number of energy levels, and the range of possible transition wavelengths is wider compared to the previously studied W 37+ [5] and W 36+ [6] ions. In order to keep the current paper concise, we present only the energy spectra and the characteristics of levels. The remaining spectroscopic parameters will be available from the database ADAMANT (Applicable DAta of Many-electron Atom eNergies and Transitions) which is currently under development. Likewise for the ions mentioned above ions, we employ a quasirelativistic (QR) approach [16] [17] [18] with an extensive inclusion of correlation effects to investigate the W 35+ ion spectroscopic properties.
Since application of this approach has produced high-accuracy results for the W 37+ and W 36+ ions, there is no doubt about its applicability to the tungsten ion of slightly lower ionization degree.
In Section 2 we provide a description of the adopted calculation method. Since this approximation ultimately matches the one applied for the investigation of the W 37+ and W 36+ spectroscopic data in [5, 6] , here we provide only a brief summary of our method. Produced results are discussed in Section 3.
Calculation method
Our applied quasirelativistic approximation significantly differs from widely used relativistic Hartree-Fock (HFR) method described in [19] . The main differences arise from the set of quasirelativistic Hartree-Fock equations (QRHF) [16, 17] applied to determine radial orbitals (RO). The details of these differences are summarized in [5, 6] , while the most complete and consistent description of our method to calculate spectroscopic parameters in the quasirelativistic approach is given in [18] . Furthermore, the methods to include effects of the finite nucleus size are described in [20, 21] .
The radial orbitals for electrons representing the investigated configurations were determined by solving the QRHF equations.
Initially, the equations were solved for the ground configuration 4p 6 4d 3 . Afterwards the 4 f -electron RO was calculated using the frozen-core potential for the 4p 6 4d 2 4f configuration. The determined quasirelativistic radial orbitals were applied to describe electrons in all configurations. Such an identical RO basis enables us to avoid the non-orthogonality problems of RO when the electron transition parameters are calculated. This basis is adopted to describe all the quasirelativistic admixed configurations, i.e., the configurations obtained from the adjusted configurations by the one-electron and two-electron virtual excitations without changing the electron principal quantum number (n = 4, in our case).
The admixed configurations produced by the virtual excitations of one or two electrons from the n = 4 shells to the states with n > 4 were also included. The transformed radial orbitals (TRO) with a variational parameter were applied to describe these electron states. Initially, the TRO were designed to include correlation effects in non-relativistic calculations [22] [23] [24] and were employed successfully for that purpose (see, e.g., [25] [26] [27] [28] ). The method to determine the TRO in quasirelativistic approximation was presented in [18] . In the current work, likewise in [5, 6] , we adopt the TRO with two variational parameters, the integer even parameter k, and the positive parameter β :
Here the factor N ensures the normalization of the determined TRO, the first term in parenthesis performs the transformation of RO P QR and the second term provides their orthogonality. The parameters k and β are chosen to gain the maximum of the averaged energy correlation correction calculated in the second order of perturbation theory (PT).
The level energies were calculated in two approximations, A and B. First of all, likewise in the previous calculations, TRO were determined for the virtual electron excitations having the principal quantum number 5 ≤ n ≤ 7 and all allowed values of the orbital quantum number l. This is called the approximation A. Afterward the TRO basis was extended up to n ≤ 11. This is approximation B. One can generate a huge amount of the admixed configurations for such bases of RO. For the selection of these configurations, we employed the mean weights of the admixed configurations W PT determined in the second order of PT [29] :
Here the numerator represents the sum of squared sub-matrix elements of the operators of kinetic energy and electrostatic interaction between the adjusted configurations K 0 and the admixed configurations K. The nominator represents the statistical weight G(K 0 ) of adjusted configuration multiplied by the squared mean energy differences.
Different selection criteria W min values for the admixed configurations were adopted in case of different sizes of RO bases. We selected the admixed configurations with W PT ≥ W min . Here we must emphasize that the number of selected configurations changes only very slightly if the basis of TRO is extended while the selection parameter W min remains the same. The full number of possible configuration state functions (CSF) was further reduced by permuting the shells of virtually excited electrons in order to reduce the order of the Hamiltonian being diagonalized, as it was described in [30] . This procedure substantially decreased the number of the LS-terms of admixed configurations without any changes to their correlation corrections.
Our computation abilities are restricted by the amount of memory (RAM) of computer employed for calculations. In turn, the required amount is determined by the size of Hamiltonian which depends on the number of CSF having the same total LS momenta.
So this parameter regulates the W min values in our calculations. The computation parameters for two approximations are given in in Table A   Table A Computation parameters for two approximations Approximation A B
Maximum principal quantum number n of TRO 7 11
Total number of possible interacting even configurations 469 2383
Total number of possible even CSF 1076290 9591457
Total number of possible interacting odd configurations 10747 5758
Total number of possible odd CSF 8337946 78800728
Configuration selection parameter W min 10
The number of selected interacting even configurations 175 425
Complete number of CSF for selected interacting even configurations 504041 1782751
Reduced number of CSF for selected interacting even configurations 65168 115207
Maximum number of CSF with the same total LS momenta 11417 20247
The number of selected interacting odd configurations 357 894
Complete number of CSF for selected interacting odd configurations 3473850 13244831
Reduced number of CSF for selected interacting odd configurations 690686 1259886
Maximum number of CSF with the same total LS momenta 62394 117259
The energy operator was determined in the quasirelativistic Breit-Pauli approximation adopted for the quasirelativistic RO [18] .
The calculated multiconfigurational eigenvalues and eigenfunctions were employed to compute the energy level spectra and to determine data for the electric dipole (E1), electric quadrupole (E2), electric octupole (E3) and the magnetic dipole (M1) transitions. We have investigated the transitions among the levels of different configurations and among the levels of same configurations. Furthermore, the electron-impact excitation cross-sections and collision strengths were calculated in the plane-wave-Born approximation with a new computer code described in [31] for all considered levels.
To perform our calculations, we have employed our own original computer codes together with the codes [32] [33] [34] which have been adapted for our computing needs. The code from [32] was updated according to the methods presented in [35, 36] .
Results and discussion
All the energy levels of the W 35+ ground configuration 4p 6 4d 3 are presented in the review [15] where semi-empirical calculations were performed using the experimental data from [37] . The same data are available from the NIST database [38] .
Unfortunately, most of data are graded with uncertain errors (x and y), classified with question marks (?) or only derived from semi-empirical calculations. Actually, only three energy levels values relative to the ground level are determined accurately. The energy levels of the 4p 6 4d 3 configuration together with their LS notations taken from [15] are presented in Table B . We also present our calculated energy levels (approximations A and B) in this table. Two fully-relativistic calculations of the W 35+ ion ground configuration energy levels are known so far. The first of them is performed in the fully-relativistic multiconfiguration Dirac-Fock (MCDF) approach and has included the correlations within the n = 4 complex, some n = 4 → n ′ = 5 single excitations and the quantum-electrodynamics effects [39] . A very similar MCDF approximation involving the CI effects and including the Lamb shift within GRASP2K code is exploited in another study [40] . The results of these relativistic calculations are presented in Table B . The classification of the energy levels in the j j−coupling is taken from [39] . The experimental and theoretical transition wavelengths determined using the relativistic HULLAC package are given in [37] . Using those data, we are able to reproduce some theoretical energy level values. These parameters are in the last column of Table B .
One can see from Table B that substantial extension of CI basis going from the approximation A to approximation B only slightly alters the energy level values determined in quasirelativistic approximation. Nevertheless, the agreement with data from [15] is marginally better for most levels. In all cases, the discrepancies from [15] do not exceed 2%, and for the larger part of levels these are smaller than 1%. The mean square deviation
from the values of work [15] goes down from 2696 cm −1 to 2355 cm −1 . On the other hand, both our σ values are smaller than those of calculations by other authors [39, 40] , where σ = 3491 cm −1 and σ = 4296 cm −1 , correspondingly. There is one peculiar feature of theoretical level energies. The deviations from [15] of our QR energy level values can be negative or positive, whereas both relativistic MCDF calculations [39, 40] produce level energies lower than the experimental data from [15] .
It must be noted that both our QR and other theoretical calculations produce a different ordering of levels 5 (J = 0.5) and 6 (J = 4.5) compared to level positions given in [15] . When we compare data from [15] with the reproduced energy level values from [37] , it is obvious that the relative discrepancies are similar to those of other relativistic calculations.
When compared to the ground configuration levels, the expansion of the CI basis affected the calculated levels of the excited Only one unclassified transition line (λ = 53.7Å) from the excited configuration is tabulated in [37] . It has the transition energy ∆E = 1862000 cm −1 . This energy matches very well to the transition from the level 142 (J = 1.5) as one can see from Further, using determined CI wavefunction expansions in the quasirelativistic approximation, transition parameters for electric multipole (E1, E2 and E3) and magnetic multipole (M1 and M2) were produced. The high multiple-order transitions E3 and M2
were determined following the conclusion made in [41] where it was demonstrated that those transitions affect calculated radiative lifetime values of metastable levels. Our calculated radiative lifetimes are presented in Table 1 .
Since there are no published data for transitions originating from the excited configurations 4p 6 4d 2 4f and 4p 5 4d 4 , we can only compare data for the transitions among the levels of ground configuration 4p 6 4d 3 . Analysis demonstrates that our quasirelativistic calculation results agree very well with the fully-relativistic calculation results from [3, 39, 40] . For the completeness of spectroscopic data set for the W 35+ ion, we have also produced electron-impact excitation parameters, such as collision cross-sections and collision strengths, for the processes involving the levels of configurations 4p 6 4d 3 , 4p 6 4d 2 4f and 4p 5 4d 4 . The database ADAMANT developed at Vilnius University contains this data set.
The determined theoretical data for the W 35+ ion can be applied for study of the excited configurations 4p 6 4d 2 4f and 4p 5 4d 4 of this ion or for the modeling spectra of high-temperature plasma containing tungsten ions. 
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